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Conclusion. It is concluded that Hx is able to induce protein-Induction of experimental proteinuria in vivo following infu-
uria associated with MCD-like alterations in rat kidney in vivo.sion of human plasma hemopexin.
Background. The human plasma constituent hemopexin
(Hx), following incubation with renal tissue, is able to induce
glomerular alterations in vitro that are similar to those seen The pathogenesis of proteinuria in idiopathic ne-in minimal change disease (MCD). Whether this acute phase
phrotic syndrome is poorly understood. In some formsreactant is also able to induce proteinuria and minimal change-
of nephrotic syndrome, recurrence of the underlying dis-like alterations in vivo is questioned.
Methods. In the first set of experiments, Hx (4.0 mg in 5.0 mL ease occurs after kidney transplantation, and beneficial
saline) or equal amounts of control fraction, that is, heat-inacti- effects of plasmapheresis have been reported in some of
vated Hx (HI-Hx), were infused into conscious rats (N 5 6) these patients [1–3]. Accordingly, the notion that circu-that had been surgically equipped with a cannula inserted into
lating factors (toxic for the filtration barrier) may playthe suprarenal artery (SRA), enabling direct contact of the
a role, as proposed by Shaloub in 1974 [4], has recentlyinfusate and the renal microvasculature. Each animal received
HI-Hx at day 1 for 15 minutes (flow rate 20.0 mL/h), subse- gained renewed interest. Circulating plasma constituents
quently followed by saline for seven hours (Flow rate 5.0 mL/h), that may be involved include cationic proteins [5, 6],
after which the cannula was disconnected. At day 2, identical lymphokines [7–15], as well as various other plasma fac-infusions in the same rat were carried out, using native Hx.
tors [2, 16–18].Urine samples collected every 30 minutes during the experi-
Most of the circulating factors described are not wellments were monitored for protein content using standard meth-
ods. In the second set of experiments, unilateral perfusion was defined, whereas no clear glomerular alterations have
done ex vivo in anesthetized rats with Hx (N 5 5) or HI-Hx been shown following the administration of factors iso-
(N 5 3; 1.5 mg/mL; 4.0 mL during 6 min). After reconnection lated from human plasma. However, some authors haveof the circulation, urine samples of both kidneys were collected
described factors derived from patients with proteinuriaevery 30 minutes during five hours via ureter cannulation. Uri-
that were able to induce glomerular alterations at thenary protein (expressed as the difference in excretion between
perfused and nonperfused kidney) was calculated in mg/24 h. ultrastructural level, such as effacement of epithelial po-
In additional experiments, rats were sacrificed two hours after docytes or loss of anionic sites in the glomerular base-
perfusion of Hx or heat-inactivated (control) Hx (first set of ment membrane (GBM) after perfusion of the material
experiments) or after five hours (second set of experiments),
into experimental animals [8, 11–13].and kidneys were processed for immunohistochemical and ul-
In our laboratory, we isolated a human plasma factortrastructural examination.
Results. The results of experiment 1 show a significant in- with a molecular weight ranging from 70 to 100 kD,
crease of proteinuria after Hx infusion versus HI-Hx (means 6 denoted as 100KF [19]. Recently, this factor was identi-
SD, 41.91 6 16.01 mg/24 h vs. control, 21.22 6 5.69 mg/24 h; fied immunochemically as plasma hemopexin (Hx) or
P # 0.03). Histochemical and electron microscopical examina-
an isoform of this plasma constituent [20]. As both re-tion of kidney tissue fragments taken at the time of proteinuria
combinant human hemopexin and 100KF show identicalshowed diminished expression of glomerular ecto-ATPase and
in vitro and ex vivo properties (manuscript in prepara-enhanced effacement of epithelial foot processes at the ultra-
structural level. In the second set of experiments, the results tion), it is likely that Hx is the active moiety of 100KF.
show significant urinary protein excretion peaking one hour Thus, our 100KF fraction (denoted in this communica-
after perfusion (6.63 6 7.06 mg/24 h), exclusively in Hx-perfused tion as Hx) is able to induce characteristic glomerularanimals (analysis of variance, P # 0.001).
alterations, as detected by immunohistochemistry at the
light microscopical level following kidney perfusion ex
vivo. These alterations comprise a loss of glomerularKey words: hemopexin, proteinuria, minimal change disease, idio-
pathic nephrotic syndrome, transplantation. sialoglycoproteins (GSPs), diminished expression of glo-
merular ecto-ATPase [21], as well as a loss of anionicÓ 2000 by the International Society of Nephrology
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sites at the ultrastructural level exclusively along the tum. Before use, individual animals were put into meta-
bolic cages, and the 24-hour urine was tested for proteinlamina rara interna (LRI) of the glomerular basement
membrane [22]. (Pyrogallol method). The experimental protocols were
approved by the Animal Care and Use Committee of theIdentical alterations are also seen in kidney biopsies
from subjects with minimal change disease (MCD) in University of Groningen (Groningen, The Netherlands).
relapse [23]. In the present study, the question as to the
Experiment 1potential capability of Hx to induce proteinuria in vivo
was experimentally approached. Alternate perfusion studies through a permanent SRA
cannula. Unilateral infusion into the renal artery of con-Unpublished data indicate that Hx is cleared a great
deal in the circulation of the rat following intravenous scious rats (via a permanent cannula inserted into the
SRA) was performed according to Smits et al, with minoradministration, and consequently, relatively large amounts
would be needed to study its effect after this route of modifications [24]. In brief, individual animals were anes-
thetized by halothane/O2/N2O, and the right kidney wasadministration. For this reason, we selected two experi-
mental models, enabling direct contact between Hx and surgically mobilized. A thin polyethylene catheter (diam-
eter of 0.2 mm) was inserted into the right SRA andthe renal circulation.
In the first model, Hx was administered through a fixed with silk ligature (Ethicon 7.0). As this vessel
branched off from the renal artery, infusion of agentspermanent cannula surgically inserted into the suprare-
nal artery (SRA) according to Smits et al [24], allowing through the SRA allowed direct contact with the renal
microvasculature. The cannula was surgically guidedinfusion of either native Hx or control factor, that is,
heat-inactivated Hx (HI-Hx), into the rat kidney under subcutaneously to the neck allowing connection to an
infusion pump (Pharmacia, Uppsala, Sweden).conscious conditions, and simultaneous collection of
urine samples. Experimental design. After a recovery period of 24
hours, each rat equipped with a SRA cannula was placedIn the second set of experiments, unilateral kidney
perfusion ex vivo was carried out in anesthetized rats in a relatively spacious metabolic cage, allowing the ani-
mal to walk around during the infusion procedure. Afterwith either Hx or HI-Hx, subsequently followed by re-
connection of the circulation. Collection of urine samples connection of the cannula to the perfusion pump, saline
was infused for one hour (flow rate 5.0 mL/h) to obtainfrom both kidneys was done using left and right ureter
cannulation during five hours after reconnection of the a stable urine flow. After this period, background glo-
merular permeability was estimated by infusion of con-circulation.
The results show that in both experiments, the admin- trol protein (that is, HI-Hx; 4.0 mg protein in 5.0 mL
saline for 15 min; a flow rate of 20 mL/h).istration of Hx causes transient urinary protein excretion.
Moreover, also characteristic MCD-like alterations at Following HI-Hx administration (t 5 0 h; day 1), saline
infusion was continued for seven hours (flow rate, 5.0both the light microscopic as well as the ultrastructural
level could be detected exclusively after infusion of Hx. mL/h). At t 5 7 hours, the saline infusion was discon-
tinued, and the cannula was disconnected and filled with
heparin (5000 U/mL, 500 mL; Leo Pharmaceutics,
METHODS
Weosp, The Netherlands) and closed with a plastic plug.
Preparation of hemopexin The animals (N 5 6) were allowed to recover with free
access to food and drinking water.Isolation of Hx from (pooled) normal human serum
was carried out as described previously by column chro- Starting from t 5 0 h until t 5 7 h, urine samples were
collected every 30 minutes, and two additional urinematography [21]. Fractions, which were able to induce
loss of GSP (colloidal iron method) and impairment of samples were collected at t 5 10 h and t 5 23 h. The
next day, Hx (4 mg protein in 5 mL saline) instead ofglomerular ecto-ATPase expression (immunostaining)
following incubation with normal rat kidney tissue in HI-Hx was infused in the same animal, using otherwise
identical procedures. At the end of the experiment, thevitro, were used. Heat inactivation of Hx fractions was
done by incubation of stock solution (6.0 mg/mL PBS, animals were sacrificed, and both kidneys were snap-
frozen and kept at 2808C until use. In another set ofpH 8.0) in a waterbath for 20 minutes at 808C.
experiments, animals (N 5 4) were infused in the re-
Experimental animals versed sequence (that is, day 1 with Hx and day 2 with
HI-Hx) under otherwise identical conditions. For histo-Either male Wistar rats (Harlan, Zeist, The Nether-
lands) weighing 300 to 350 g, four months of age (experi- chemical and electron microscopical (EM) studies, six
rats were infused with HI-Hx followed by Hx, as de-ment 1), or female Wistar rats (Harlan) weighing 200 to
250 g, three months of age (experiment 2) were used. scribed previously in this article. In these series of experi-
ments, animals were sacrificed two hours after infusionThe animals were fed with standard chow (Hope Farms,
Woerden, The Netherlands) and received water ad libi- of Hx, and cortex fragments of their kidneys were pro-
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cessed for both EM (N 5 3) and immunostaining (N 5 Experiment 2
6). The inversed sequence was carried out in four animals Unilateral perfusion: Surgical procedures and experi-
(Hx followed by HI-Hx), and two hours after HI-Hx mental design. Unilateral perfusion of the left kidney
infusion, kidneys were processed for EM (N 5 2) and was carried out according to standard procedures with
immunostaining (N 5 2). minor modifications. Briefly, the left kidney was surgi-
Demonstration of anionic sites at the ultrastructural cally prepared for perfusion and ureter cannulation, and
level. Glomerular staining at the ultrastructural level the tributaries were ligated. A catheter was inserted in
with polyethyleneimine (PEI) was carried out according the abdominal aorta, and during perfusion of saline, a
to Schurer et al [25]. Cortex fragments were cut in blocks puncture was made in the renal vein to allow the blood
of about 1 mm3 and incubated in PEI (Polysciences Inc., to escape. The blood-free kidneys of individual anesthe-
Warrington, PA, USA) solution according to standard tized (halothane/O2/N2O) animals (N 5 5) were subse-
procedures during 30 minutes at 48C (PEI-1800, 1.8 kd, quently perfused with Hx (1.5 mg protein per mL PBS;
0.5% solution in cacodylate buffer, pH 7.4, 400 mOsm). flow rate, 0.67 mL/min) for six minutes. Control animals
After incubation, the tissue blocks were washed three (N 5 3) were perfused with equal amounts of HI-Hx
times during 10 minutes in cacodylate buffer. Subse- (1.5 mg protein/mL PBS) under otherwise identical con-
quently, the blocks were fixed in a solution containing ditions. Subsequently, the kidney was perfused with sa-
0.1% glutaraldehyde and 2% phosphotungstic acid for line for one minute and was reconnected to the blood
one hour (48C), postfixed in OsO4, embedded in epon, circulation after stitching of the punctured sites. During
dehydrated, and processed according to standard tech- the experimental procedures, the temperature of the ani-
niques. mals, as well as the infusion fluids, was kept at 378C. The
The presence of electron-dense anionic sites along the total ischemic time of the perfused kidney did not exceed
LRI as well as the lamina rara externa (LRE) of the 10 minutes. To prevent dehydration, the animals were
GBM was scored in representative capillary loop seg- given a subcutaneous injection of 5 mL saline. To collect
ments and photographed (magnification 347,619) in tis- urine of the perfused kidney as well as the nonperfused
sue sections derived from different blocks per kidney. (control) kidney, both ureters were cannulated by P10
As the emphasis of the present study is on proteinuria tubing according to standard procedures. Urine samples
and glomerular alterations at the histochemical level, derived from both ureter cannules were taken every 30
only semiquantitative evaluation of punctate sites was minutes, starting one hour before to five hours after the
done (by two independent observers) instead of meticu- perfusion. The differences in urinary protein excretion
lous quantitation as described elsewhere [22]. of perfused (left) vs. control (right) kidney in each animal
Immunohistological demonstration of glomerular ecto- reflect the glomerular permeability increasing effect of
ATPase. Cryostat sections (4 mm) were fixed in aceton Hx. Proteinuria in this experiment was expressed as the
for 10 minutes at 2208C. After air drying and preincuba- difference in urinary protein between the perfused (left)
tion with 5% normal goat serum (20 min), monoclonal kidney and the nonperfused (right) kidney, and there-
mouse-anti-ATPase antibody was used as a first step fore, negative values occurred when the urinary protein
(1 h, 1:150 diluted). After washing with PBS (pH 7.2), excretion measured in the nonperfused control kidney
peroxidase conjugated goat-antimouse antibody was added exceeded that of the perfused (experimental) kidney.
as a second step (30 min, 1:50 diluted; Pierce, Rockford, Inulin clearance studies. To determine the possible
IL, USA) and subsequently visualized by 3-amino-9- effect of Hx versus HI-Hx on the glomerular filtration
ethyl-carbazole. All of the incubation steps of the stain- rate (GFR) in vivo, a pilot study was done whereby inulin
ing procedures were carried out at 208C. clearance was assayed following unilateral kidney perfu-
Quantitation of histochemical results. Glomerular re- sion ex vivo with either Hx (N 5 4), HI-Hx (N 5 4), or
action product of the kidney sections was quantitatively saline (N 5 3) in anesthetized rats as described pre-
scored using computerized image analysis as described viously [27]. Briefly, rats were kept on a temperature-
previously [26]. Glomeruli were scored by using a digitiz- regulated plate, and a rectal thermometer was placed in
ing tablet (mm 1812; Summagraphics, Fairfield, CT, order to monitor body temperature. Body temperature
USA), and the staining intensity of the reaction product was maintained at approximately 378C during the entire
as well as the area of individual glomeruli was measured. experiment. The right jugular vein was cannulated for
Glomerular stainability is defined as a mean optical den- infusion of inulin, and the right femoral artery was cannu-
sity divided by the glomerular area and is expressed as lated for blood sampling and measurement of the mean
(arbitrary) units. Stainability of 50 glomeruli, divided over arterial blood pressure according to standard methods.
two sections per individual animal, was screened. Both After cannulation of the left ureter, a bolus injection of
experimental or control groups included six animals, and 1.0% inulin in 0.5 mL saline was given, followed by a
continuous infusion of 1.0% inulin in saline (infusionthe results are expressed as arithmetic means 6 SD.
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rate 1.2 mL per hour). After two hours, the left kidney
was mobilized and surgically prepared for ex vivo perfu-
sion with either Hx or HI-Hx (1.5 mg protein per mL
for 6 min; flow rate 0.67 mL/min) or saline.
The blood circulation was subsequently reconnected,
and a series of three urine collections, each lasting for
20 minutes, was done; blood samples (0.2 mL) for deter-
mination of inulin and hematocrit were taken at the
beginning and the end of each urine collection period.
Inulin in urine and plasma was measured using the an-
throne method [28], and the GFR reflected by inulin
clearance was calculated according to the formula:
GFR 5 (Uin 3 Vol)/Pin
where Uin is the inulin concentration in urine in mg per Fig. 1. A typical result of experiment 1, showing the course of urinary
mL; Vol is urinary volume in mL; and Pin is inulin concen- protein excretion during 48 hours following direct infusion of either
hemopexin (Hx; .) or heat-inactivated HX (HI-Hx; ,) into the suprare-tration in plasma in mg/mL.
nal artery (SRA) of the rat kidney in vivo. From the start of HI-Hx (t 5Urine analysis. For both experiments 1 and 2, the vol-
0 h), urinary protein excretion ranged from 24.67 mg/24 h at t 5 2.5 h
umes of the urine samples were measured, and the uri- to 3.10 mg/24 h at t 5 7 h, whereas a peak of urinary protein occurred
(68.43 mg/24 h at t 5 27 h) after Hx infusion (started at t 5 24 h),nary protein content was determined spectrophotometri-
which declined during the next hours (solid line).cally. In experiment 1, the pyrogallol method, according
to standard methods, was used. In experiment 2, the pro-
teinuria was determined by the Bio-Rad protein assay
(Bio-Rad Laboratories, Hercules, CA, USA) because of operated rats (that is, cannulated animals but not con-
the limited amount of urine per sample. Urinary protein nected to the infusion pump, N 5 3), that is, not ex-
excretion is calculated as mg protein per 24 hours. ceeding 15.0 mg/24 h (data not shown). Following infu-
sion of Hx (t 5 24 h) into the same animal on day 2, theStatistics
urinary protein excretion increased significantly, peaking
Statistical evaluation of the urine analyses in experi- at t 5 27 h (68.43 mg/24 h). At t 5 28.5 h, the proteinuria
ment 1 was performed by the Wilcoxon sign rank test declined to 13.5 mg/24 h.
(paired, two-tailed). Data derived from experiment 2 were In Figure 2A, the mean urinary protein excretion
statistically tested by analysis of variance (ANOVA). In (6SD) after either HI-Hx (open column) or native Hx
both tests, P # 0.05 was considered significant. (solid column) infusion in six animals is shown. The
mean urinary protein excretion was calculated from the
RESULTS maximally reached protein values obtained in each in-
fused animal. The respective time intervals (mean 6 SD)Experiment 1
after infusion, after which the individual peak valuesPermanent renal infusion via the SRA used in this
were observed, did not differ significantly (HI-Hx, 2.08 6study allowed evaluation of Hx activity following direct
0.45 h; Hx, 3.08 6 1.06 h). Following Hx infusion, acontact with rat kidney in vivo. Saline infusion according
mean maximal proteinuria of 41.91 6 16.01 mg/24 h wasto the schedule described in the Methods section pro-
detected, whereas after the infusion of HI-Hx, 21.22 6vided a steady urine flow, irrespective of the treatment.
5.69 mg/24 h was measured (P # 0.03). Saline infusionThe urine production following infusion with Hx ranged
instead of Hx (N 5 5) did not induce urinary proteinfrom 1.90 to 4.95 mL/30 min (mean 6 SD, 2.85 6 0.97
(results not shown). In Figure 2B, the results are depictedmL/30 min) and was statistically not significant as com-
after intrarenal infusion of Hx followed by HI-Hx. Thepared with animals infused with HI-Hx (urine flow, 1.20
mean urinary protein excretion (6 SD) after native Hxto 4.70 mL/30 min; mean 6 SD, 2.76 6 1.10 mL/30 min).
(solid column) or HI-Hx (open column) was expressedIn Figure 1, a typical experiment showing urinary pro-
similarly as for Figure 2A. Following Hx infusion, a meantein excretion following infusion of HI-Hx (arrow, stip-
maximal proteinuria of 63.90 6 22.00 mg/24 h was seen,pled line) or Hx (arrow, solid line) is depicted. Infusion
while after infusion of HI-Hx, 11.12 6 2.10 mg/24 h wasof HI-Hx resulted in a mild urinary protein excretion
observed (P # 0.01).(peak at t 5 2.5 h; 24.67 mg/24 h), which declined at t 5
In Table 1, results of the clearance experiments are3 h (9.85 mg/24 h). From approximately t 5 3.5 h until
depicted. The GFR values ranging between 1.1 and 1.8t 5 24 h, the mean levels of urinary protein excretion
did not significantly differ from those observed in sham- mL/min did not significantly differ following either Hx,
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animal, only focal podocyte effacement over the GBM
could be detected. After HI-Hx infusion, normal podo-
cyte structure was seen as compared with rats infused
with saline only (results not shown). In all cases, semi-
quantitative evaluation of punctate sites showed reduc-
tion of subendothelial anionic sites after contact with Hx.
In the same kidney specimens, significantly reduced
staining for glomerular ecto-ATPase occurred again ex-
clusively in the Hx-infused rats (Figs. 4A and 5) as com-
pared with the HI-Hx–infused control animals (Figs. 4B
and 5). As can be seen, most glomeruli were affected
after infusion of native Hx, although not all to the same
extent.
This reduced stainability quantitated in Figure 5
showed mean amounts of reaction product after infusion
with either Hx or HI-Hx (24.9 6 0.04 vs. 55.0 6 4.6,
respectively, P # 0.01).
Experiment 2
In this experiment, the urinary flow of both perfused or
(nonperfused) contralateral kidneys is similar and stable
during the observation period. Following Hx perfusion,Fig. 2. (A) Mean urinary protein excretion after intrarenal infusion
124.5 6 59.67 mL (mean 6 SD) urine per hour wasthrough the suprarenal artery (SRA) with either heat-inactivated hemo-
pexin (HI-Hx; h) or Hx (j) into conscious rats (experiment 1). The collected (contralateral kidneys, 121.55 6 53.45 mL/h),
columns represent arithmetic means. A significant mean increase after whereas following HI-Hx perfusion, 121.14 6 33.39 mL
Hx infusion (41.91 6 16.01 mg/24 h) vs. HI-Hx (21.22 6 5.69 mg/24 h)
urine per hour was measured (contralateral kidneys,can be seen. (B) Mean urinary protein excretion after intrarenal infusion
through the suprarenal artery (SRA) of Hx (j; N 5 4) or HI-Hx (h; 119.25 6 69.02 mL/h).
reversed sequence as compared with Fig. 2A). The columns represent The urinary protein excretion (expressed as the differ-
arithmetic means. Again, a significant mean increase after Hx infusion
ence in the urinary protein excretion between the per-(63.90 6 22.00 mg/24 h) vs. HI-Hx (11.12 6 2.10 mg/24 h) was observed
(statistics: Wilcoxon’s sign rank test; P-values as indicated; bars repre- fused and nonperfused kidney of each individual rat),
sent SD values). following perfusion with either Hx (solid line) or HI-Hx
(stippled line), is shown in Figure 6.
After Hx infusion, the urinary protein excretion was
significantly increased, showing a proteinuria peak ofTable 1. Glomerular filtration rate (GFR) after perfusion of
hemopexin (Hx), heat-inactivated hemopexin (HI-Hx) or saline 6.63 6 7.06 mg/24 h at t 5 1 h. Although subsequently
the proteinuria declined to a lower level, the proteinExperiment N Hx HI-Hx Saline
excretion remained enhanced until the end of the experi-
Exp 1 3 1.3 1.5 1.3
ment. For instance, 1.73 6 1.69 mg protein excretion/24 hExp 2 3 1.8 1.4 1.1
Exp 3 3 1.6 1.3 1.5 (mean 6 SD) was measured at t 5 5 h.
Exp 4 2 1.2 1.4 — In contrast, following perfusion of HI-Hx, the urinary
Mean6SD 1.4760.27 1.4060.08 1.3060.20
protein excretion was stable and relatively low during
the entire observation period. As can be seen in Figure 6
(stippled line), most data points were found under the
zero line, pointing to the fact that HI-Hx–perfused kid-
HI-Hx, or saline perfusion ex vivo (mean values 6 SD, neys showed less urinary protein excretion as compared
1.47 6 0.27, 1.40 6 0.08, and 1.3 6 0.2, respectively). with nonperfused control kidneys. Statistical evaluation
An overall evaluation of capillary loop segments at (ANOVA multivariant analysis) of the data derived
the ultrastructural level following Hx infusion showed from both groups of animals showed that the proteinuria
effacement of epithelial foot processes (Fig. 3A, arrows), caused by perfusion with Hx was significantly enhanced
in contrast to HI-Hx infused animals in which this oc- as compared with the urinary protein excretion following
curred to a significantly lesser degree (Fig. 3B). Also, a HI-Hx infusion (P # 0.001).
reduction of PEI-positive punctate sites occurring in the
LRI of the GBM was seen exclusively in the Hx-infused
DISCUSSION(Fig. 3A) versus the HI-Hx–treated animals (Fig. 3B).
In two out of three animals, glomerular loops with diffuse The aim of the present study was to evaluate a poten-
tial effect of Hx on the permeability for plasma proteinpodocyte retraction could easily be found, whereas in one
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Fig. 3. Electron micrographs of glomerular
capillary segments from sections of rat kidney
following infusion in vivo with either Hx (A)
or HI-Hx (B; experiment 1). The tissue sam-
ples were taken two hours after infusion and
stained for anionic sites using polyethyleneim-
ine (1.8 kD) as a cationic marker. It can be
seen that following contact with Hx (A), fu-
sion of epithelial foot processes is present
(arrows), in contrast to the rat kidney infused
with HI-Hx (B). Also, relative reduction of
the amount of anionic sites along the LRI as
compared with the LRE can be observed in
Hx-infused kidneys (A) vs. HI-Hx (B). C, cap-
illary lumen; U, urinary space. Final magnifi-
cation 347,619.
of the glomerular microvasculature in vivo. The results histologic changes occur, that is, diminished expression
of glomerular ecto-ATPase and retraction of foot pro-show that even relatively small amounts of Hx induce a
significant increase in urinary protein excretion (Figs. 1 cesses (Figs. 3 and 4), while at the end of the experiment,
no histochemical alterations could be detected (resultsand 2).
This is in line with previous experiments using the not shown). Thus, during peak protein excretion, histo-
chemical as well as ultrastructural alterations could bealternate ex vivo perfusion system in the kidney, showing
also both a loss of characteristic expression of glomerular seen in kidney tissue samples, which appear to be highly
reversible. Also, reduction of anionic sites, visualizedecto-ATPase and sialoglycoproteins, concomitant with
leakage of plasma proteins into the urine [21]. The ex with PEI, could be observed exclusively in the LRI of
Hx-infused rats (Fig. 3).vivo model, however, is highly artificial since perfusion
occurs in the blood-free kidney preperfused with buffer The transience of the urinary protein excretion (Fig. 1)
may be due to the rapid dilution and/or inactivation ofsolution, which necessarily induces a slightly ischemic
environment. These disadvantages are absent in the pres- the infused Hx solution in vivo. It also conceivable that
continuous or intermittent contact of Hx with the filtra-ent model of experiment 1 (and to a lesser extent in
experiment 2), mimicking a more physiological situation tion barrier is required for a persisting effect to occur.
Conclusive evidence on this issue cannot be deducedas compared with the ex vivo model.
The question can be raised as to whether in vivo hemo- from the present experiments. Because the contralateral
kidney of the infused animals does not show immunohis-dynamic factors can contribute to the increased protein
excretion observed after infusion of Hx. Preliminary tological alterations, that is, reduced ecto-ATPase ex-
pression nor effacement of foot processes, it seems un-studies comparing Hx infusion to infusion with HI-Hx
did not show significant alterations of GFR (Table 1). likely that significant levels of active Hx have reached
the systemic circulation in the present SRA model.Therefore, we feel that direct interaction of Hx with the
capillary wall rather than hemodynamic alterations is Whatever the fate of the infused Hx may be, it is clear
that despite the possible dilution due to urine productionresponsible for the enhanced glomerular permeability.
From Figure 1, it can be seen that the effect of Hx by the contralateral kidney, Hx infusion causes a signifi-
cant increase in urinary protein excretion (Fig. 2).infusion is transient in that the urinary protein excretion
declined to the baseline value already four hours after The potential capability of Hx to induce proteinuria
in the rat was supported by results obtained in experi-Hx infusion. Two hours after Hx infusion, characteristic
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Fig. 5. Quantitative evaluation of glomerular reaction product in sec-
tions from rat kidneys following infusion with Hx (j; N 5 6) or HI-Hx
(h; experiment 1). The columns represent mean scores of reaction
product in kidney sections of six animals. A significant decrease of
reaction product, expressed as arbitrary units, can be seen in kidneys
after contact with Hx (24.9 6 0.04) vs. infusion with HI-Hx (55.0 6
4.60). Statistical significance is as indicated (Wilcoxon’s sign rank test;
P-values as indicated; bars represent SD values).
Fig. 6. Mean urinary protein excretion of anesthetized rats following
unilateral kidney perfusion with either Hx (.; N 5 5) or HI-Hx (,;
N 5 3). Both kidneys of each animal were cannulated for separate urine
collection, and the urinary protein values are expressed as differences
between perfused and nonperfused kidneys per individual rat. It is
shown that one hour after perfusion with Hx (solid line), a protein peak
of 6.63 6 7.06 mg/24 h (mean 6 SD) occurred, followed by subsequent
decline until t 5 5 h. Compared with the urinary protein values afterFig. 4. Photomicrographs of rat kidney cortex stained for glomerular
perfusion of HI-Hx, a significant higher protein excretion until the endecto-ATPase by (mouse) monoclonal anti-ATPase antibody and perox-
of the observation period (t 5 5 h) was demonstrated following Hxidase-conjugated goat-antimouse antibody (experiment 1). It can be
perfusion (statistical significance, P # 0.001; ANOVA, bars representseen that diminished amounts of reaction product are present in glomer-
SD values).uli after infusion of Hx (A), as compared with kidney infused with HI-
Hx (B; final magnification 3160).
present model, permeability is different in the non-
ment 2, in which unilateral kidney perfusion in anesthe- treated right kidney versus the perfused left kidney in
tized animals also showed protein excretion after previ- individual rats. However, a comparison of proteinuria
ous contact with Hx (Fig. 6). with a series of rats after perfusion with either Hx or
Thus, whereas following infusion with HI-Hx the uri- HI-Hx of their left kidneys, parallel evaluation of protein
nary protein excretion was fluctuating around the base- excretion of right kidneys may be considered as a useful
line (showing that perfusion with HI-Hx per se did not internal control.
cause increased protein leakage as compared with the In this model, significantly enhanced proteinuria per-
nonperfused kidney), preperfusion with Hx ex vivo re- sisted during the five hour observation period. This type
sulted in subsequent peaking of protein excretion after of in vivo model in anesthetized rats with a short expo-
sure of the capillary wall to Hx again showed a significantreconnection of the circulation. It is clear that in the
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effect of Hx on the glomerular permeability for plasma such may be able to stimulate certain silent enzymes into
their activated form. For instance, because the plasmaproteins. In this set of experiments, kidney tissue was
evaluated at only the end of the experiments, showing protease inhibitor a2-macroglobulin is able to inhibit in
no significant alterations (results not shown). vitro activity of isolated plasma Hx (unpublished obser-
The exact sequence of events leading to podocyte vations), it is conceivable that an “active” form of Hx
effacement and increased glomerular permeability for emerges after isolation of plasma Hx, due to the removal
plasma proteins induced by Hx is unknown. Although of naturally occurring inhibitors. Be this as it may, it is
urinary protein excretion is significant in both models, clear from the present experiments that isolated human
the effects are relatively modest and do not reach the plasma Hx as such is able to affect the glomerular filtra-
nephrotic level. Probably this relates to the relatively tion barrier in vivo, leading to proteinuria. Further inves-
small (diluted) amounts of Hx hitting the glomerular tigation into the role of activate plasma Hx in idiopathic
filtration barrier, as well as with unknown kinetic aspects, nephrotic syndrome is warranted.
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